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Poor morphological and molecular differentiation in recently diversified lineages is a 27 widespread phenomenon in plants. Phylogenetic relationships within such species complexes are 28 often difficult to resolve because of the low variability in traditional molecular loci, as well as 29 various other biological phenomena responsible for topological incongruence such as ILS and 30 hybridization. In this study, we employ a Genotyping-by-sequencing (GBS) approach to 31 disentangle evolutionary relationships within a species complex belonging to the Neotropical 32 orchid genus Cycnoches. The complex includes seven taxa distributed in Central America and 33 the adjacent Chocó biogeographic region, nested within a clade estimated to have first diversified 34 in the early Quaternary. Previous phylogenies inferred from a handful of loci failed to provide 35 support for internal relationships within the complex. Our Neighbor-net and coalescent-based 36 analyses inferred from ca. 13,000 GBS loci obtained from 31 individuals belonging to six of the 37 seven traditionally accepted Cycnoches species provided a robustly supported network. The 38 resulting three main clades are corroborated by morphological traits and geographical 39
Introduction 52
Species complexes are aggregates of putative species that exhibit little morphological 53 differentiation or genetic divergence. They present a challenge to systematists and molecular 54 biologists because their phylogenetic relationships are particularly difficult to resolve (Després et 55 al., 2003; Escudero et al., 2014) . This is particularly true when attempts to disentangle 56 genetically the evolutionary history within such lineages are based on only a small number of 57 loci (Taberlet et al., 2007) , because the number of informative positions they provide is very 58 limited. Moreover, past and/or ongoing biological phenomena that are known to produce 59 discordance among gene trees (e.g. hybridization and incomplete lineage sorting The recent advent of several high-throughput sequencing methods has facilitated the 63 generation of millions of base pairs of DNA sequence data (Dodsworth, 2015) . These approaches 64 have enabled researchers to sequence hundreds or thousands of loci in parallel for multiple 65 individuals , potentially leading to a great increase in the number of 66 informative sites with which to infer evolutionary relationships inside lineages with little 67 divergence (e.g. Escudero et al., 2014) . Among the plethora of high-throughput sequencing 68 techniques, Genotyping-by-sequencing approaches (GBS, also referred as to Restriction-site 69 Associated DNA sequencing, RADseq; Andrews et al. 2016 ) reduce the complexity of a genome 70 by means of restriction enzymes (Andrews et al., 2016; Elshire et al., 2011) . Enzymes specific to 71 restriction cut sites digest a genome at specific lengths, thus enabling the sequencing of 72 fragments adjoining enzyme cut sites and the generation of huge yet tractable numbers of genetic 73 markers per individual . For the particular case of GBS, methylation-sensitive 74 restriction enzymes are employed for genome digestion, thus enabling more efficient access to 75 low-copy regions (Elshire et al., 2011 100% of the total number of species, each in combination with c = 0.95. Thus, three DNA 146 matrices were set for phylogenomic inference: c95s15, c95s50 and c95s100. 147
We inferred Maximum Likelihood trees from the three DNA matrices using RAxML 148 v.8.0 (Stamatakis, 2014) with the GTR+G substitution model and 1000 bootstrap replicates, 149 operating via the CIPRES Science Gateway computing facility (Miller et al., 2015) . We also 150 analysed the same DNA matrices in SplitsTree4 (Huson, 1998) the monophyly of the putative species and subspecies in C. egertonianum complex, we carried 160 out analyses assigning tips to delimitations indicated by concatenated and network analyses 161 produced in this study (i.e. with the 'taxon partition' option) and also without the 'taxon 162 partition' option. We executed SVDquartets in the software PAUP* v.4.0a (Swofford, 2001) , and 163
for each dataset, we evaluated 100,000 random quartets and performed 100 bootstrap replicates 164 under the multispecies coalescent tree model. 165
Assessing per-locus phylogenetic informativeness 166
We assessed the performance of every GBS locus to resolve phylogenetic relationships in 167 C. egertonianum complex by estimating the net and per-site phylogenetic informativeness (PI) 168 across an arbitrary time scale (tips assigned to time 0 and root to 1) following the method of 169 Townsend (2007) and using the web service PhyDesign (Townsend, 2007) (available at  170 http://phydesign.townsend.yale.edu/). This package requires locus alignments with complete 171 taxon sampling and an ultrametric tree. Thus, we sampled sequences of 29 individuals (one 172 outgroup and 28 ingroup samples) from 2297 locus alignments derived from the c95s100 dataset. 173
We concatenated the sampled alignments to form a new super matrix, and inferred an ML tree 174 with the same settings as specified above; the tree was later converted into a chronogram with 175
PATHd8, a program for phylogenetic dating without a molecular clock 176 (https://www2.math.su.se/PATHd8/) (Britton et al., 2007; Schoch et al., 2009 ). The PI profiles 177
were estimated with the HyPhy substitution rates algorithm for DNA sequences (Kosakovsky-178 Pond et al., 2005) . We identified the sites with unusually high substitution rates that may cause 179 phylogenetic noise with the R script and filtering method described by Fragoso-Martínez et al.
180
(2016) using a cut-off value of five. The identified sites were removed manually from the 181 alignments using the software Geneious v8.1 (Biomatters Ltd.; Kearse et al., 2012 ) and these 182 corrected matrices were uploaded again to PhyDesign as described above. 183
The net and per-site PI of the GBS loci was compared with the performance of an 184
Internal Transcribed Spacer (ITS) alignment for the same set of species. Here, ITS sequences for 185 each individual were obtained by mapping trimmed reads (GBS sequence data) for each species 186 against an nrITS reference sequence of C. herrenhusanum (GenBank acc. MF285490) and 187 producing a majority rule consensus sequence in Geneious v8. Maximum Likelihood (ML) analyses of the c95s15, c95s50 and c95s100 concatenated 221 DNA matrices produced similar topologies, and provided strong statistical support for the C. 222 egertonianum complex (LBS = 100; Fig. 1 ). They recovered three weakly to moderately 223 supported main groups (I-III; Fig. 1 ). Group I included all samples identified as C. guttulatum 224 (LBS = 46-85) and was placed as sister to groups II plus III. Group II clustered all specimens 225 assigned to C. dianae and C. pachydactylon (LBS = 52-93), except in the ML tree of c95s100, 226 which rendered the group paraphyletic (Fig. 1A) . However, the topologies of c95s15 and c95s50 227 grouped C. dianae and C. pachydactylon samples as reciprocally monophyletic, albeit with weak 228 statistical support (LBS = 31-55, and 58-61, respectively). Group III included samples of C. 229 rossianum and the two subspecies of C. egertonianum (LBS = 100), all intermingled across the 230 clade rather than clustering according to traditional taxonomy .  231  232  233  234  235  236  237  238  239  240  241  242  243  244  245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262 263 Uncorrected P-distance split networks of all DNA matrices recovered the same groups 272 (i.e. clades I-III; Fig. 2 ) produced by the ML phylogenies and revealed a clear distinction 273 between each cluster. Here, groups I and II were distanced from each other by very short splits, 274 whereas group III was placed more distantly from both groups I plus II and the outgroup, a 275 topology consistent with the ML trees. The bootstrap support (B) of splits was proportional to the 276 amount of missing data; the c95s100 network contained nine splits with support values 277 exceeding 50, compared with 18 such splits obtained in the network derived from c95s15. The 278 splits leading to group III from groups I plus II were in all instances strongly supported (B = 279 100), while splits joining groups I and II were only moderately supported (i.e. B = 85, 88) in the 280 network derived from c95s15 (Fig. 2C) . None of the split networks produced clear clustering 281 patterns between samples of the same named taxon within either group II or group III. 282 283
Coalescence-based phylogenies 284
The SVDquartet analyses produced backbone topologies very similar to those derived 285 from ML analyses (Figs. S1, S2). Inferences with and without the taxon partition option 286 produced similar phylogenies in both topology and bootstrap support values across the different 287 taxon coverages (Fig. 3) , and strongly supported monophyly of the C. egertonianum complex. 288
All analyses without the taxon partition recovered all accessions of C. guttulatum as a well-289 supported monophyletic group (I in Figs. S1, S2) and placed it as sister to the rest of the alliance. 290
The samples of C. dianae were revealed as a paraphyletic group, and one of them (NGS14) 291 formed a moderately supported clade (B = 81-88) together with the two accessions of C. 292 pachydactylon (group II). The accessions of C. rossianum and the two subspecies of C. 293 egertonianum were intermingled in a strongly supported clade (together constituting group III; B 294 = 100). No clustering pattern between samples of the same species was evident within this clade. 295
The trees produced using taxon partitions converged on the same topology derived from 296 analyses without taxon partitions, albeit with some differences in bootstrap support values (Fig.  297 3). Here, C. guttulatum was recovered as sister to rest of the species alliance (group I). 298
Cycnoches dianae and C. pachydactylon were placed as sister lineages in a moderate-to-strongly 299 supported clade (group II, B = 84-94). Group II was in turn recovered as sister to the C. 
Phylogenetic informativeness and node support of GBS loci 327
The net phylogenetic informativeness (PI) analyses of the GBS loci generated a total of 328 231,997 observations. of nrITS was ~210, and it peaked at time 0.5, near the MRCAs of C. pachydactylon + C. dianae 338 grade + egertonianum + C. rossianum and C. guttulatum (Fig. 4) . This locus was the most 339 informative compared with all GBS loci for the net PI. In contrast, the maximum per-site PI 340 value of the nrITS (~0.028) was lower than 42 GBS loci but still much higher than the average of 341 the remaining GBS. 342
The distribution pattern of LBS values at nodes was virtually identical across the 343 c95s100, c95s50 and c95s15 datasets, most of the node support values being strongly skewed 344 towards the 0-10 LBS interval (Figs. S3-S5 ). Very few nodes were moderately to strongly 345 supported across gene trees (LBS interval 81-100), and they accounted for only ~1% of the total 346 number of nodes across gene trees in each dataset. Likewise, the distribution of LBS values 347 across node depth was strikingly similar across the three DNA datasets (Figs. S6-S8 ). Here, we 348 could detect no clear distribution pattern of LBS support at a given node depth. 349 
Discussion 350

GBS-loci and ITS phylogenetic informativeness in the
399
A striking result of our study is the large number of GBS loci with null PI values, which 400 can be more than 50% of the total GBS loci produced by ipyRAD. A similar lack of resolution 401 and phylogenetic structure have been reported within each of the nine very young clades that 402 together constitute the temperate terrestrial orchid genus Ophrys (Bateman et al., 2018 Low statistical support is often attributed to the presence of phylogenetic incongruence 410 among gene trees (Aberer et al., 2013; Wilkinson, 1996) . Alternatively, the exclusion of loci 411 with missing data might also negatively affect the phylogenetic accuracy and the probability of 412 recovering taxa as monophyletic (Huang and Lacey Knowles, 2016) . The distribution of LBS 413 values across nodes in trees derived from the three different matrices with different degrees of 414 missing data (i.e. c95s100, c95s50, c95s15) is virtually identical; the majority of gene-tree nodes 415 have very low LBS values, and low LBS values occur at all phylogenetic depths. Likewise, the 416 phylogenies produced from the three datasets resulted in similar topologies, despite the fact that 417 each incurred poor statistical support (Fig. 1) . Here, the only notable difference between the 418 datasets is the monophyly of group II, which is recovered as monophyletic (with weak to 419 moderate support) in c95s50 and c95s15 (i.e. datasets with greater proportions of missing data). 420
Thus, in the case of Cycnoches, the proportion of missing data did not have a notable impact on 421 the node support of any of our phylogenetic estimations, though it did affect to some extent the 422 topology. Additionally, given the overall low LBS support across loci trees, it is difficult to 423 assess whether there are statistically supported phylogenetic conflicts among our loci trees. 424
Lack of phylogenetic signal in the loci data, or rapid diversification events, arefurther 425 thought to produce low statistical support (Bogarín et al., 2018) . Low PI profiles are derived 426 from sites evolving at rates that are either extremely fast or extremely slow (Townsend 2007 here recovered represent three genuinely distinct entities merits further study. Even though our 512 coalescence-based phylogenies with taxon partition reject the monophyly of almost all of the 513 species previously recognised in the C. egertonianum complex, and both morphology and 514 geographical distribution clearly delimit clades I-III, further evidence is required to circumscribe 515 with sufficient confidence these three entities as distinct species. Our phylogenomic framework 516 does pave the way for further integrative studies combining morphological and ecological 517 information (e.g. plant-pollinator interactions) as well as presaging extended sampling to further 518 investigate the genome divergence among populations of members of the C. egertonianum 519 complex. 520 521
Conclusions 522
Our well-founded phylogenomic framework for the C. egertonianum complex suggests 523 that six of the seven sampled taxa recognised by traditional taxonomy more likely constitute only 524 three genuine species. Further testing through genomic, morphological and ecological studies is 525 desirable to confirm their circumscription and most appropriate rank. Genotyping-by-sequencing 526 reduced-representation genomic data coupled with coalescence-based inferences of relationships 527 is a useful tool to shed light on the phylogenetic relationships in recently diversified orchid 528 species complexes. However, given the lack of PI in a large proportion of the GBS loci 529 sequenced, alternative methods such as targeted enrichment -known to have effectively resolved 530 intricate phylogenetic relationships in equally young orchid lineages -might prove also suitable 531 for disentangling relationships within a species complex. In this study, exclusion of loci with 532 missing data did not notably affect node support, but rather clade recovery in concatenated ML 533 and coalescence-based inferences. Nevertheless, our results suggest that coalescence methods 534 with taxon partitioning produce better supported phylogenies compared with ML analyses, likely 535 due to the fact that coalescence methods can better account for topological incongruence among 536 loci, such as that resulting from ILS. 537
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